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Relativistic electronic structure of PbS. and PbSe 
moleculesa>b> 
Cary Y. Yangcl and Sohrab Rabii 
Moore School of Electrical Engineering and Laboratory for Research on the Structure of Ma tter, 
University of Pennsylvania, Philadelphia, Pennsylvania 19104 
(Received 13 March 1978) 
The electronic orbitals of PbS and PbSe are calculated using a scattered-wave technique for the solution 
of the one-electron Dirac equation for a polyatomic muffin-tin potential. The resulting orbital transition 
energies are in good agreement with experimental absorption and emission data. 
I. INTRODUCTION 
Despite their massiveness, the electronic properties 
of PbS and PbSe molecules have been studied experi-
mentally throughout the years. 1 Recently, the emission 
spectra of these molecules, isolated in solid inert gas 
matrices, have been measured2 and compared with gas 
absorption data. 3•4 However, theoretical studies of 
these molecules have been nonexistent up to now, due 
to the inadequacy of traditional nonrelativistic formal-
isms for molecules containing heavy atoms. 5- 9 
We report here calculations of the electronic struc-
ture of PbS and PbSe molecules using our previously 
developed5• 10 relativistic X a-scattered-wave theory 
based on the solution of the one-electron Dirac equa-
tion for polyatomic muffin-tin potentials. 
II. COMPUTATIONAL PROCEDURE 
Both PbS and PbSe have C00 v symmetry and the ground 
state 1~• valence shell structure (la)2 (2a)2 (l7r)4 (3a)2. 
The calculations are carried out in three stages. First 
a starting potential is formed from the superposition of 
selfconsistent field Hartree-Fock-Slater atomic po-
tentials1 5 for Pb and the chalcogen atoms. The molecule 
is then partitioned into muffin-tin form by placing touch-
ing spheres around the two atoms in the molecule and 
then enclosing the system in another touching sphere. 
The muffin-tin potential is obtained from the superposed 
potential by spherically averaging in the atomic spheres 
and outside the outer sphere, and by volume averaging 
the interstitial region. The radii of the Pb and chalco-
gen spheres are chosen such that the potential is con-
tinuous at their touching point. The parameters for 
these calculations are shown in Table I. The Xa sta-
tistical approximation11 is used for the exchange-cor-
relation potential with optimized values of a chosen from 
the work of Schwarz12 and the extrapolation of his re-
sults. 13 With this starting potential, a set of occupied 
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orbitals are generated using the nonrelativistic scat-
tered-wave method14 for calculating molecular orbitals. 
In the second stage of the calculation, a new muffin-tin 
potential is formed from the resulting electron density, 
and a new set of orbitals are computed. This process 
is repeated until the potential (or electron density) con-
verges to the desired accuracy . In the final stage, the 
resulting nonrelativistic self-consis tent potential is 
used in a nonself-consistent solution of the one-electron 
Dirac equation. The results to date with this approach5 
have been quite satisfactory, specially for systems with 
only sand p valence electrons. For systems with d and 
f valence electrons, the use of nonrelativistic potentials 
tend to somewhat exaggerate relativistic shifts compared 
to atomic shifts, but yields correct spin-orbit splitting 
and relative level spacings. 
The partial wave expansion in the nonrelativistic cal-
culations are truncated at Z = 2 in the atomic spheres for 
all states . However, the series a re truncated at Z = 4 
for a and ir states in the extramolecular region (outside 
the outer sphere). Correspondingly in the relativistic 
calculations , the partial wave expansion are truncated 
at K = -3 (l = 2) for the a tomic spheres and K = -5 (l = 4) 
for the extra molecula r region, for the spin-orbit cou-
pled e112 and e312 states , where the half-integr a l sub-
scripts denote the quantum number W = lmil or the mag-
nitude of the component of the total angular momentum 
along the intermolecular axis. Accordingly a a state s 
becomes an e112 s tate , and ir splits into e112 and e312 . 
Ill. RESULTS 
T able II presents the calculated orbital energies for 
the PbS molecule in two groups in the order of increas-
ing energy. The first group represents the occupied 
valence orbitals, while the second group represents the 
virtua l or unoccupied .orbitals of the molecule. The 
TABLE I. Parameters for the c alculation . Dis tances 
are in atomic units . 
PbS PbSe 
Inte r atomic dis tance 4 .3275 4 . 5353 
Radi us of Pb sphe r e 2 . 3275 2. 3853 
Radius of chalcogen sph er e 2 .0000 2. 1500 
a fo r Pb Sphere 0 . 69403 0 . 69403 
a for chalcogen spheres 0 . 72475 0. 70638 
a for interstiti al region 0.69905 0 . 697 65 
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TABLE II . Orbital energies of PbS in Rydbergs. 
Symmetry (C~vl 
la 1 e112 
2a 2 e112 
11T 2. e112 
1 e312 
3a 4 e112 
21r 5 eu2 • 
2 e312 
4a 6 e112 
Nonrelativistic Relativistic 
-1.196 -1. 263 
- 0. 663 -1. 019 
- 0. 475 -0. 520 
-0 .485 
- 0. 350 - 0. 454 
- 0 . 175 - 0. 298 
-0. 220 
- 0. 073 - 0. 096 
highest core levels , namely, the Pb 5d levels, are 
sufficiently far below the valence complex for us to ex-
clude them from the analysis here. The same informa-
tion is presented in Fig. 1 for PbS, along with the non-
relativistic1 5 and relativistic16 atomic SCF orbital en-
ergies. As can be seen, the relativistic corrections to 
the energies of the orbitals that originate from the Pb 
states are considerable , especially in comparison with 
those originating from S. For example, the relativis-
tic shift of 2a to 2e112 (Pb 6s-like) is 4. 84 eV compared 
to the la to l e 11 2 (S 3s-like) shift of 0. 91 eV. The 1. 06 
eV spin-orbit splitting of the unoccupied 211 level is quite 
close to 1. 12 eV for the Pb 6p level, while, due to large 
s-p hybridization within the valence orbitals 3a and 1 rr 
(or 4e112 , le312 , and 3e112 ), one cannot characterize the 
difference in energy between le312 and 3e112 as purely 
the s-o splitting of the 1 rr level. The highest occupied 
levels , 3a and 4e112 , a re designated by their respective 
occupation numbers. 
Table III and Fig. 2 show the corresponding results 
for PbSe. The previous comments for PbS apply equally 
well here to PbSe . In fact the s-o splitting for the 2rr 
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FIG. 1. The calculated one-electron nonrelativistic and rela-
tivistic energy levels of PbS molecule. The nonrelativistic and 
relativistic atomic levels of Pb and S are also presented (Refs . 
















NONREL . REL . 
6p~ -
Pb 6p - 2 
6p1 -
2 









Pb Se MOLECUL E 
NONREL . REL 
4 er 
2 7T 

























-1.5 ~ - ---- ------------_, - 20 
FIG. 2 . The calculated one-electron nonrelativistic and rela-
tivistic energy levels of PbSe molecule . The nonrelativistic 
and relativistic atomic levels of Pb and Se are also presented 
(Refs . 15 and 16) . 
level is the same in both cases, a s illustrated by their 
common Pb origin. 
IV. COMPARISON WITH EXPERIMENT 
In order to compare the calculated results with ex-
perimental data, the six lowest allowed orbita l transi -
tion energies have been computed as the difference be -
tween each of the three uppermost occupied levels and 
each of the two lowest unoccupied levels. Since these 
orbital transitions do not involve ionization, the cor-
rections due to orbital relaxation, as normally calcu-
lated using Sla ter's transition state concept, 18 are ex-
pected to be negligible as shown in the case of 12 • 
5a The 
results , along with the experimental transition energies 
are presented in Tables IV and V for PbS and PbSe , re-
spectively. The experimental data are from absorption 
measurements on PbS and PbSe molecules in the gas 
phase3• 4 and also from recent measurements of the 
emission spectra of these molecules embedded in a 
solid inert gas matrix. With the present identification, 
the largest discrepancy between theory and experiment 
TABLE III. Orbital energies of PbSe in Rydbergs . 
Symmetry (C ~v) 
l a 1 e112 
2a 2 e112 
11T 3 e112 
1 e312 
3a 4 e112 
21r 5 e112 
2 e312 
4a 6 e112 
Nonrelativistic Relativistic 
-1.191 -1. 302 
- o. 673 -1.056 
-0.452 - 0. 516 
- 0 . 470 
- 0.347 -0 . 467 
-0. 183 -0.310 
-0.232 
-0 . 081 -0 . 105 
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TABLE IV. Theoretical and experimental trans ition energies 
for PbS in eV. 
Theory Experiment 
Orbital Transition Inert gas Gas 
transition energy (eV) State matrix (eV)a phase (eV)b 
4 e112 __ 5 e112 2 .123 a 1. 8182 1. 8377 
le31,2_5e112 2 . 544 A 2 . 3036 2 . 3271 
3e112 - 5e112 3.020 B 2 . 6830 2 . 6997 
4 e112 -- 2 e312 3 .1 84 C 2.8702 
1 e312 - 2 e3/2 3.606 c· 3 .0936 
3 e112 --2 e3/2 4.082 D 3 . 6848 3.6684 
E 4.2153 
asee Ref. 2b. bSee Ref. 3 . 
TABLE V. Theoretical and experimental trans ition ene rgies 
for PbSe in ev . 
Theory Experiment 
Orbital Trans ition Inert gas Gas 




112 2. 136 a 1.674- 1. 736 
1 e312 - 5 eI 12 2 .1 77 A 2 . 3356° 2 . 3155 
3e112 - 5e112 2.803 B 2.5775 2 .6006 
4 e112 - 2 e312 3. 197 C 2. 8871 
1 e3/2 - 2 es12 3 . 238 c· 
3 e112 - 2 e31 2 3.864 D 3 . 5148 
a See Ref. 1 7. hSee Re f. 2c. 0 See Ref. 4. 
is- 0. 5 eV. It should be kept in mind that the transi-
tions involving C and C' states are not well character-
ized and in fact could not be observed in the inert gas 
matr ix measurement. Thus if one of these two states 
are ruled out, the agreement with the experiment is 
further improved. 
In the case of PbSe, the experimental data is more 
sketchy. The large experimental uncertainty in the 
transition involving the state a is due to the fact that 
it occurs very near the cutoff frequency of the mea-
suring equipment. For the remaining transitions , the 
discrepancies between the calculated and measured 
energies are of the order of 0. 3 eV or less . 
In conclusion, it is seen that the results of our ab 
initio calculations are in good agreement with experi -
ment. The discrepancies are due to the fact that on one 
hand, ·certain experimental peaks are not very well 
characterized, and on the other hand they may be due 
to the following shortcomings of the calculations. The 
relativistic calculation has not yet been made self-con -
sistent, and the muffin-tin potential is not truly realistic 
for diatomic molecules. Finally, future calculations of 
the transition moments19 would make the identification of 
the experimental structures with the calculated transi-
tions more unique and unambiguous . 
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